During its life cycle, Trypanosoma brucei shuttles between a mammalian host and the tsetse fly vector. In the mammalian host, immune evasion of T. brucei bloodstream form (BSF) cells relies on antigenic variation, which includes monoallelic expression and periodic switching of variant surface glycoprotein (VSG) genes. The active VSG is transcribed from only 1 of the 15 subtelomeric expression sites (ESs). During differentiation from BSF to the insectresident procyclic form (PCF), the active ES is transcriptionally silenced. We used mass spectrometrybased interactomics to determine the composition of telomere protein complexes in T. brucei BSF and PCF stages to learn more about the structure and functions of telomeres in trypanosomes. Our data suggest a different telomere complex composition in the two forms of the parasite. One of the novel telomereassociated proteins, TelAP1, forms a complex with telomeric proteins TbTRF, TbRAP1 and TbTIF2 and influences ES silencing kinetics during developmental differentiation.
INTRODUCTION
The telomeric ends of eukaryotic chromosomes are protected by nucleoprotein complexes (1) . The telomeric protein complex in mammals, called shelterin, consists of six core subunits: TRF1, TRF2 and POT1, which bind directly to the telomeric TTAGGG repeats, and three additional proteins TIN2, TPP1 and RAP1, which are associated by protein-protein interactions. This complex and its accessory factors are central players in the maintenance of genome integrity by shielding the chromosome ends from unwanted DNA repair activities (2) . Telomeres are actively elongated in cancer and germ cells by the enzyme telomerase, a process involving the shelterin complex (3) and the direct telomere-binding protein HOT1 (4) . In yeast, telomeric protein complexes are different. While Saccharomyces cerevisiae telomeres are bound by scRAP1, which interacts with RIF1 and RIF2, Schizosaccharomyces pombe features a telomeric complex with at least six subunits (5) . In trypanosomes, the causative agent of sleeping sickness in humans and nagana in animals, thus far three telomeric proteins have been characterized: TbTRF, TbRAP1 and TbTIF2 (6) (7) (8) .
In both yeasts and human, it has been observed that telomeres can be tethered to the nuclear periphery (9, 10) and exert a gene regulatory effect by forming a heterochromatic structure that reversibly suppresses the transcription of their nearby subtelomeric proximal genes. This telomere position effect (TPE) or telomeric silencing relies on epigenetic regulation by histone modifications (11, 12) . In S. cerevisiae, histone deacetylases (Sir) interacting with scRAP1 spread hypoacetylation of histones H3 and H4 along the chromosome to establish silent chromatin (13) . Similarly, TPE in mammals is known to involve SIRT6, a histone deacetylase of the Sir2 family (14) .
In microbial pathogens, virulence gene expression can be regulated by the telomere structure as those genes are often found adjacent to them (15) . In trypanosomes, the developmentally regulated subtelomeric variant surface glycoprotein (VSG) genes are the main virulence determinants in the mammalian-infectious bloodstream form (BSF). The cell surface of the BSF parasite is densely covered with a single species of VSG. To escape the mammalian host immune response, trypanosomes depend on antigenic variation of its VSG coat. Antigenic variation in trypanosomes is characterized by monoallelic transcription and by switching of the VSG gene (16) . Key structures of antigenic variation are 15 specialized subtelomeric transcription units, the expression sites (ESs). Each ES contains an RNA polymerase (pol) I-driven ES promoter, usually located 40-60 kb upstream of the single VSG gene at the telomere (17) . At any given time only one ES is transcriptionally active in the BSF of the parasite, while the remaining 14 ESs are silenced (17) . The monoallelic VSG expression is mediated by an extranucleolar pol I-containing expression site body, ensuring that only one isoform of VSG is displayed on the cell surface (18) . The expressed VSG type can be changed by either a transcriptional or a recombination switch (19) .
There is an intricate connection between the subtelomeric VSG genes and the telomeric proteins in trypanosomes. The telomere-binding proteins TbTRF and TbTIF2 suppress VSG switching (8, 20, 21) . TbRAP1 promotes ES silencing by controlling the telomeric chromatin structure (22) . Depletion of TbRAP1 leads to derepression of ESlinked VSG genes in BSF and PCF cells. In contrast to the yeast TPE mechanism, the TbRAP1-mediated VSG silencing in trypanosomes seems to act independently of Sir proteins, as depletion of the trypanosome Sir2 homolog does not prevent VSG silencing (23) . The studies done on Tb-TRF, TbTIF2 and TbRAP1 provide information on how trypanosome telomeres maintain the inactive state of ESs and suppress recombination. If and how telomere-binding proteins contribute to ES silencing initiation has not yet been studied.
ES silencing initiation plays an important role during developmental transition of BSF parasites. Trypanosoma brucei is transmitted by the tsetse fly vector. In the insect vector, BSF trypanosomes differentiate to procyclic form (PCF) trypanosomes and replace their VSG coat with procyclin (24) . Thus, during developmental transition the active ES is repressed to stop VSG transcription (25) . During this process chromatin restructuring takes place (26) . The active ES promoter undergoes rapid repositioning to the nuclear envelope where it is silenced, presumably by chromatin condensation (27, 28) . Less is known about how the developmental silencing process is initiated, timed and regulated on a DNA level. It has been demonstrated that ES transcriptional activity and differentiation are mechanistically linked (29) . Transcriptional ES attenuation can initiate the differentiation process whereby ES transcription stops before the chromatin condensates (30) . Bromodomain proteins, which bind acetylated lysine residues of histones and control gene expression by interacting with the transcriptional machinery, were shown to counteract the differentiation process of BSF to PCF parasites (31) .
However, control of transcription and chromatin organization must be temporally fine-tuned during life cycle differentiation. Each process must take place with specific kinetics to ensure a coordinated ES silencing, and thus likely involves further regulatory factors.
Here, we show that the novel telomere-binding protein TelAP1 is part of the TbTRF-TbRAP1-TbTIF2 complex in BSF cells and forms a separate complex in PCF cells. This provides the first evidence for developmental differences in the telomere complex in trypanosomes. Further analysis showed that TelAP1 influences the kinetics of ES silencing during early events of the developmental transition from BSF to PCF.
MATERIALS AND METHODS

Trypanosome cell lines and cultivation
Monomorphic T. brucei BSFs (strain Lister 427, antigenic type MITat 1.2 clone 221a) were cultured in HMI-9 medium with 10% heat-inactivated fetal calf serum (FCS) (Sigma) at 37
• C and 5% CO 2 (32) . Cells of single marker (SM) (33) or 2T1 (34) background co-expressing the T7 RNA polymerase and tetracycline (Tet) repressor were used to generate the BSF cell lines for this study. PCFs (strain 427) were cultured in modified SDM-79 with 10% heat-inactivated FCS (Sigma) at 27
• C (35) . Here, 29-13 or wild-type (WT) procyclic cells were used to generate transgenic procyclic cell lines. The 29-13 procyclic cells co-express T7 RNA polymerase and the Tet repressor (33) .
Cell densities of BSF and PCF cultures were determined using a Coulter Counter Z2 particle counter (Beckman Coulter). Transfections and drug selections were carried out as described previously (36) .
Transgenic trypanosome cell lines
SM TelAP1
RNAi, RNAi. For RNAimediated depletion of TelAP1 in BSF and PCF cells the Gateway recombination system was used as described in (37) . A TelAP1 fragment (position 187-627) was amplified from genomic DNA using primers specific for TelAP1 open reading frame (ORF) with attB1 and attB2 sites. The polymerase chain reaction (PCR) product was inserted into the intermediate vector pDONR207 by a BP clonase reaction (Invitrogen). This plasmid was used in an LR clonase (Invitrogen) recombination reaction with the pTrypRNAiGate vector to generate the final RNAi construct. For transfections of trypanosomes the plasmid was linearized with NotI. Knockdown was induced with 1 g/ml tetracycline.
SM TelAP1 OE, 29-13 TelAP1 OE.
To generate TelAP1-overexpressing bloodstream and procyclic trypanosomes, the TelAP1 ORF was amplified from genomic DNA and cloned into pLew100v5b1d Phleo using HindIII and BamHI sites. The resulting plasmid was linearized using NotI for integration in the ribosomal spacer locus in MITat 1.2 SM and 29-13 cells. Expression was induced with 1 g/ml tetracycline. BSF TelAP1, PCF TelAP1. PyrFEKO vectors (gift from H.S. Kim) containing either puromycin N-acetyltransferase (PUR) or hygromycin phosphotransferase (HYG) ORFs fused with Herpes simplex virus thymidine kinase (TK) were used to construct the TelAP1 deletion mutant (38) . As the fusion genes PUR-TK and HYG-TK are flanked by loxP sites they can be removed by transient expression of Cre recombinase. To make the knockout vectors, 300 bp of 5 and 3 TelAP1 UTRs for targeting were amplified by PCR from genomic DNA and cloned into PvuII-HindIII and SbfI-BamHI sites of pyrFEKO vectors, respectively. The resulting plasmids were linearized with PvuII and SbfI for transfection into MITat 1.2 SM and 427 procyclic cells. Resistance markers were removed in BSF TelAP1 cells by transient transfection with pLew100cre-EP1 (gift from H.S. Kim) and selection with 50 g/ml Ganciclovir (Sigma, G2536).
SM TbTRF Ty1/-, PCF TbTRF Ty1/-. A PCR-based method was used to delete the first allele of TbTRF. The phleomycin-resistance cassette was amplified from the pLew82 plasmid (33) with primers containing homologous sequences to the TbTRF UTRs for recombination. After deletion of the first allele the second allele was in situ tagged with a Ty1 epitope at the C-terminus by a PCRbased method using the pMOTag2T vector as template as described in (39) .
2T1 TRF RNAi. The TRF RNAi cell line was generated using the pGL2084 vector and 2T1 cells as background (40) . The resulting plasmid was digested with AscI. Knockdown was induced with 1 g/ml tetracycline.
TelAP1-Rluc(pro)-Fluc(tel), SM-Rluc(pro)-Fluc(tel).
Dual luciferase reporter cell lines were generated by transfection of BSF TelAP1 or SM cells with BstApIlinearized pCJ25A and SacI/KpnI-linearized pFG14n (41, 42) . To select for cells that integrated the constructs in the active ES 50 g/ml of blasticidin and 30 g/ml hygromycin were used.
TelAP1-Rluc(pro)-Fluc(tel) rescue. For the rescue of TelAP1 the pLew100 TelAP1 construct as used for ectopic TelAP1 overexpression was transfected in TelAP1 dual reporter cells.
Telomere pull-down
Telomere pull-downs were done as previously described (43) . In brief, chemically synthesized oligonucleotides with either TTAGGG or TGTGAG repeats were annealed with their complementary oligonucleotides. The dsDNA was phosphorylated with 100 units PNK (Thermo) for 2 h at 37
• C and ligated overnight with 20 units T4 ligase (Thermo) at room temperature (RT). The mixture was cleaned by chloroform phenol extraction and the purified DNA was incubated with biotin-dATP (Jena Biosciences) and 60 units Klenow fragment (Thermo) at 37
• C overnight. The DNA was re-buffered using a G50 Spin column (GE Healthcare) according to the manufacturer's instructions. Around 25 g biotinylated DNA was immobilized on Streptavidin Dynabeads MyOne C1 (Thermo) and incubated with trypanosome PCF whole cell lysate obtained by lysis in modified RIPA buffer [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 0.1% Sodium Deoxycholate, Protease inhibitor cocktail (Roche)]. The binding reaction was performed in protein binding buffer (PBB) (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 0.5% Igepal CA-630) in the presence of 10 g sheared salmon sperm DNA (Ambion) at 4
• C for 2 h under slight agitation. Unbound proteins were washed with PBB three times and the bound fraction eluted with 1× lithium dodecyl sulfate (LDS) buffer (Thermo).
Co-immunoprecipitation
Per immunoprecipitation (IP), 30 l of Protein G Sepharose Fast Flow beads (GE Healthcare) were once washed in 1 ml phosphate-buffered saline (PBS) (500 g, 1 min, 4
• C) and twice in PBS/1% bovine serum albumin (BSA). Unspecific binding sites were blocked by incubation for 1 h at 4
• C with PBS/1%BSA on an orbital mixer. The beads were pelleted by centrifugation (500 g, 1 min, 4
• C), supernatant removed, and the antibody added. Beads and antibody were incubated overnight at 4
• C under mild agitation on an orbital • C) followed to clear the lysate. Protein G sepharose beads coupled to TelAP1 mouse monoclonal IgG or antiTy1 mouse monoclonal IgG were first washed in IP buffer and then added to the lysate for overnight incubation at 4
• C. The following day the beads were washed 3× with IP buffer for 5 min on ice and harvested by centrifugation (500 g, 1 min, 4
• C). Proteins were eluted by incubating the beads in 50 l sample buffer (NuPAGE ® LDS Sample buffer, 100 mM DTT) at 70
• C for 10 min. Eluates were analyzed by mass spectrometry (MS).
Mass spectrometry and data analysis
Samples were separated on a 4-12% Novex NuPage gel (Thermo). The in-gel digest was performed according to standard protocol (44) . The gel pieces were minced, incubated with 10 mM DTT/0.05 M ammonium bicarbonate pH 8 for 1 h at 56
• C and proteins subsequently alkylated with 55 mM iodoacetamide/0.05 M ammonium bicarbonate pH 8 for 30 min in the dark. The proteins were digested with 1 g trypsin (Promega or Sigma) overnight at 37
• C. The tryptic peptides were desalted using a StageTip (45) and stored in the fridge until mass spectrometric measurement.
To analyze the telomere pull-down, the gel was sliced into four fractions per lane and each fraction was measured on an LTQ-Orbitrap XL (Thermo) coupled to an Easy-nLC system (Proxeon). The peptides were eluted in a 105 min non-linear gradient of 2-60% acetonitrile with a Top10 acquisition method using CID fragmentation for MS/MS. For analysis of the protein Co-IPs, a single fraction per lane was measured on a Q Exactive Plus mass spectrometer coupled to an Easy-nLC 1000 (Thermo) with a 75 min nonlinear gradient of 2-60% acetonitrile with a Top10 method using HCD fragmentation for MS/MS.
The MS spectra were processed with MaxQuant (version 1.5.2.8) (46) using LFQ quantitation (47) with preset setting except match between runs was activated. For the search, a T. brucei TREU 927 protein database (ver8.1; 11 567 entries) downloaded from www.tritrypdb.org was used. The data of the protein groups file was filtered for contaminant reverse hits and used to generate the volcano plot by calculating median and a P-value (Welch t-test) for each protein group. The data was visualized using the ggplot2 package of R. For an estimation of protein stoichiometry, the average LFQ protein intensities of the control pull-downs (quadruplicates) were subtracted from the LFQ protein intensities from the immunoprecipitated samples (quadruplicates) and normalized to the average LFQ intensity of the bait protein. Supplementary Tables S1 and 2 ). Six telomeric proteins were identified in both the experiments: TbTIF2, TbTRF, Tb927.6.4330, Tb927.11.5550, Tb927.9.4000/3930 and Tb927.11.9870. The candidate Tb927.11.9870, which was selected for detailed analyses, is highlighted in red.
Recombinant protein expression
The coding sequence of TbTRF and TelAP1 were amplified from reverse transcribed trypanosome mRNA and cloned into the pCoofy expression system (48). The sequence of both genes was verified by Sanger sequencing. The pCoofy4 constructs (N-terminal His 6 -MBP) were used to transform BL21(DE3) pRare T1 cells. After induction of protein expression the cell pellet was lysed with Avestin and the soluble fraction subjected to affinity purification using a 1 ml MBPTrapHP column (GE Healthcare), and as second step His-Select Ni Affinity Gel (Sigma). Protein identity and purity was monitored by LC-ESI/MS on a micrOTOF instrument (Bruker).
Telomere pull-down with recombinant proteins
The biotinylated (TTAGGG) n and (TGTGAG) n baits were prepared as previously described (43) . HisMBP-TelAP1 was cleaved with HRV-3C protease (Protein Production Core Facility, IMB Mainz) in a 1:200 dilution overnight at 4
• C. 5 g of either HRV-3C protease cleaved TelAP1 or HisMBP-TbTRF as well as a combination of both proteins were incubated with 500 g Dynabeads MyOne Streptavidin T1 (Life Technologies) coupled with either telomeric or control DNA for 1.5 h at 4
• C in PBB buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 10 mM MgCl 2 , 0.5% Igepal CA630) under rotation. After three washing steps with PBB buffer, bound proteins were eluted in 1× Nu-PAGE LDS buffer (Life Technologies) supplemented with 100 mM DTT by boiling at 70
• C for 10 min. Input samples were prepared with 20% of the protein concentration used for the pull-down and boiled directly in 1× LDS/DTT. The separation of the samples was done on a 4-12% NuPAGE Novex Bis-Tris precast gel (Life Technologies) in 1× MOPS at 180 V for 70 min. The gel was afterward stained with Coomassie Blue solution (1.25 g Coomassie Blue G-250, 45% EtOH, 45% DI H 2 O, 10% acetic acid) and destained in H 2 O. The picture was taken with a ChemiDoc XRS+ system (Bio-Rad) running with the Image Lab software. 
Western blot analysis and antibodies
Protein extracts of 5 × 10 6 cells were separated on 15% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred onto polyvinylidene difluoride (PVDF) membranes. For blocking, membranes were incubated in 5% milk powder in PBS at 4
• C overnight. Primary antibodies were applied in PBS/1% milk/0.1% Tween 20 solution for 1 h at RT. After three washes with PBS/0.1% Tween 20, IRDye 800CW-and 680LT-coupled secondary antibodies (LI-COR Bioscience) were used to detect primary antibodies. Secondary antibodies were incubated in PBS/1% milk/0.1% Tween 20/0.02% SDS solution for 1 h at RT. Blots were analyzed using a LI-COR Odyssey Imager.
The polyclonal anti-TbH3 rabbit antibody was described in (49) . The monoclonal anti-TbPFR mouse antibody L13D6 and the anti-Ty1 mouse antibody BB2 were gifts from K. Gull (University of Oxford) and described in (50) . The anti-VSG221 CRD-depleted rabbit antibody was obtained from L. Figueiredo and is described in (42) .
Monoclonal antibodies specific for TelAP1 (anti-TelAP1 13D9) and TbTRF (anti-TbTRF 6F5) were raised by immunizing rats with recombinant HisMBP-TelAP1 and HisMBP-TbTRF proteins expressed from bacteria, respectively. In addition, the HisMBP-TelAP1 fusion protein was used to immunize mice to generate the anti-TelAP1 2E6 antibody. The antibody production was carried out at the Helmholtz Centre in Munich by E. Kremmer.
Immunofluorescence
× 10
7 BSF cells were harvested (1500 g, 10 min, RT) and resuspended in 1 ml HMI-9 and fixed in 2% formaldehyde for 5 min at RT. The fixed cells were washed three times with PBS and resuspended in 500 l PBS. A total of 100 l of cells were added to poly-L-lysine-coated slides and allowed to settle for 20 min at RT. Attached trypanosomes were then permeabilized with 0.2% Igepal CA-630 in PBS for 5 min at RT. After washing twice with PBS cells were blocked with 1% BSA in PBS for 1 h at 37
• C. TelAP1 mouse monoclonal IgG and TbTRF rat monoclonal IgG were used to detect TelAP1 and TbTRF, respectively. The primary antibodies were applied for 1 h at RT. After three washes with PBS, Alexa488-and Alexa594-conjugated secondary antibodies (Life Technologies) and Hoechst to stain DNA were applied for 45 min at RT. After three washing steps with PBS, cells were mounted in Vectashield (Vecta Laboratories Inc.), and images were captured by using an IMIC microscope (TILL Photonics, Gräfelfing, Germany). Deconvolution was carried out using the Huygens Essential software 4.1 (Scientific Volume Imaging).
Differentiation of monomorphic BSF into PCF
BSF cells were grown to ∼1.5 × 10 6 cells/ml in HMI-9 at 37
• C. 2.5 × 10 7 cells were harvested by centrifugation (1500 g, 10 min, RT) and resuspended in 5 ml Differentiating Trypanosome Medium (DTM) containing 6 mM cis-aconitate (51) . Trypanosomes were then cultured at 27
• C with 5% CO 2 . Further cell dilutions were carried out using SDM-79 medium supplemented with 10% heat-inactivated FCS.
Dual-luciferase assay
To measure Firefly luciferase (Fluc) and Renilla luciferase (Rluc) activity the Dual-Luciferase Reporter assay kit (Promega) was used according to the manufacturer's instructions. Per assay 1 × 10 6 cells were harvested (1500 g, 10 min, 4
• C) and washed once in ice-cold PBS. The cell pellet was then lysed in 100 l 1× Passive Lysis Buffer (PLB) (Promega). A total of 10 l of the lysate was added to 45 l of the substrate for the Firefly luciferase LARII (Luciferase Assay Substrate dissolved in Luciferase Assay Buffer II) (Promega) on a 96-well plate. The luciferase activity was measured using the Tecan reader. To quench the Firefly luminescence 45 l of Stop&Glo Reagent was added and the Rluc activity was measured.
RESULTS
Identification of novel telomere-binding proteins in T. brucei
African trypanosomes diverged early from the main eukaryotic lineage (52) . Therefore, it is not surprising that sequence-based searches for shelterin components in T. brucei have only resulted in the identification of a TRF homolog (6). Other components of the telomeric complex in trypanosomes, e.g. TbRAP1 and TbTIF2, were found by yeast two-hybrid screens or Co-IP experiments (7, 8) .
In order to identify novel proteins that associate with telomeres in T. brucei, we used two independent biochemical approaches (Figure 1 ). First, a pull-down assay with telomeric repeat oligonucleotides to isolate proteins that bind directly or indirectly to telomeric DNA (43) . Second, we used the telomeric protein TbTRF in an IP experiment and quantified co-purifying proteins by MS. The telomeric DNA pull-down was performed in quadruplicates with whole cell lysates of PCF cells incubated either with TTAGGG-repeat oligonucleotides or a shuffled control sequence (TGTGAG). The bound proteins were eluted and analyzed by label-free quantitative proteomics. From this approach we identified among 210 proteins 17 candidates that were statistically significantly (P < 0.01) enriched in the telomeric DNA pull-downs ( Figure 1A) .
The TbTRF IP-MS experiment was performed in quadruplicates with an anti-Ty1 antibody using BSF parasites that constitutively expressed a Ty1-tagged TbTRF from the endogenous locus. Extracts of WT cells without the tagged TbTRF were immunoprecipitated in parallel with the Ty1-antibody as controls. The bound proteins were eluted and analyzed by MS ( Figure 1B) . A total of 636 proteins were co-purified with TbTRF but only five proteins were significantly enriched (P < 0.01) with TbTRF: TbTIF2, Tb927.6.4330 (hypothetical protein, shown to associate with telomeres (53)), Tb927.9.4000/3930 (hypothetical proteins), Tb927.11.5550 (DNA Polymerase theta) and Tb927.11.9870 (hypothetical protein). Tb927.6.4330 was described recently in a genetic screen for defects in telomereexclusive gene expression (53) . All of these five proteins were also identified in our telomere pull-down. The whole dataset of the telomeric pull-down and the TbTRF Co-IP is summarized in Supplementary Tables S1 and 2 . We selected the highly enriched uncharacterized protein Tb927.11.9870 for further analysis.
Tb927.11.9870 is a component of the telomere complex in trypanosomes
The hypothetical protein Tb927.11.9870 was named telomere-associated protein 1 (TelAP1) as it was identified in both of our independent biochemical searches for telomere-associated proteins. TelAP1 has a predicted molecular weight of 45 kDa. Bioinformatic analyses of the amino acid sequence revealed neither annotated domains nor any homology to known telomere-binding proteins. The nuclear protein (54) has a potential nuclear localization signal that starts at amino acid position 282 (HTRKRARNA).
To have a tool for the characterization of endogenous TelAP1, we raised monoclonal antibodies against recombinant TelAP1 full-length protein in mouse and rat (Supplementary Figure S1A and B), as well as a rat anti-TbTRF antibody as a marker for telomeres (6) (Supplementary Figure S1C) , and validated all antibodies by western blotting. Immunofluorescence analysis showed that TelAP1 is a nuclear protein and co-localized with TbTRF throughout the cell cycle in BSF cells, suggesting that it is a component of the telomere protein complex in trypanosomes (Figure 2A) . In an additional verification of their specificity, the antiTelAP1 antibody did not label TelAP1 knockout cells (Figure 2B) . Similar results were obtained in PCF cells (Supplementary Figure S2 ).
Additionally, we performed IP-MS using the TelAP1-specific mouse antibody and whole cell lysates of BSF cells with a TelAP1 knockout cell line ( TelAP1) serving as control. Eight proteins were significantly enriched (P < 0.01) in the TelAP1 Co-IP including the bona fide telomere-binding proteins TbTRF, TbTIF2, TbRAP1 and Tb927.6.4330 ( Figure 3A) . The whole dataset of the TelAP1 Co-IP is summarized in Supplementary Table S3 . The interaction of TelAP1 with TbTRF was further corroborated by IP and western blot ( Figure 3B ). Additionally, we tested if TelAP1 can bind directly to telomeric repeats (Supplementary Figure S3 ). An in vitro pull-down assay with immobilized TTAGGG-containing oligonucleotides and purified recombinant TelAP1 revealed that TelAP1 does not bind directly to telomeric DNA. Overall, our data demonstrate that TelAP1 is a component of the telomere complex interacting with TbTRF, TbTIF2, TbRAP1 and Tb927.6.4330 and co-localizes with TbTRF in T. brucei BSF and PCF cells. 
TelAP1 is not essential for procyclic and bloodstream form growth
We next tested whether TelAP1 is essential for cell growth. Inducible TelAP1 RNAi knockdown cell lines were generated in both life cycle stages ( Figure 4A and B) . RNAimediated downregulation of TelAP1 expression was confirmed by western blot using the rat monoclonal antiTelAP1 antibody ( Figure 4C ). TelAP1 protein was undetectable in BSF cells 3 days after RNAi induction, while in PCF cells it was not detectable already after day 1. TelAP1 depletion did not affect the viability of BSF nor of PCF cells. As the TelAP1 knockdown results suggested that the protein is not essential for cell viability, we generated knockout mutants ( TelAP1) in both life cycle stages (Supplementary Figure S4 Figure S4A-D) . Growth was mildly slowed in the BSF null mutant compared to WT, with population doubling times of 7.0 and 6.4 h, respectively (Supplementary Figure S4E) . TelAP1 deletion in PCF cells showed no effect on cell viability ( Supplementary Figure S4F) . Next, we analyzed the impact of inducible TelAP1 overexpression on cell viability in BSF and PCF cells (Figure 4D and E) . Increase of TelAP1 protein expression was confirmed by western blot using the rat TelAP1-specific antibody. Ectopic TelAP1 overexpression led to 2-to 8-fold increase of TelAP1 in BSF cells compared to WT levels, and to 20-to 40-fold increase of TelAP1 in PCF cells ( Figure  4F , quantification not shown). Overexpression of TelAP1 had no effect on the growth rates of either BSF or PCF cells. We concluded that the viability of BSF and PCF cells is independent of TelAP1 protein expression levels. This is in stark contrast to previously characterized telomeric proteins that are all essential for cell growth and indispensable for telomere integrity and genome stability. This suggests that TelAP1 function might be uncoupled from the function of TbTRF, TbTIF2 and TbRAP1.
TelAP1 protein expression is upregulated in bloodstream form trypanosomes
To elucidate the function of TelAP1, we first wanted to validate stage-specific protein expression pattern, which was described recently. A 1.68-fold (55) and a 2.48-fold (56) higher TelAP1 expression was detected in BSF parasites in MS-based comparative proteome studies. To verify this, we compared TelAP1 expression levels between BSF and PCF cells by quantitative western blot ( Figure 5A ). For western blot analysis whole cell lysates of BSF and PCF were analyzed using the TelAP1-specific antibody. Quantification of the TelAP1 signal confirmed a 4.39-fold upregulation of TelAP1 in BSF cells compared to PCF cells ( Figure 5A ).
In addition, TelAP1 expression levels were monitored during the differentiation process from BSF to PCF cells ( Figure 5B ), as TelAP1 was not detected in the differentiation proteome (57) . The quantification of TelAP1 signals revealed that TelAP1 downregulation starts early during the differentiation process. The protein expression level is decreased about 50% already 48 h post induction of differentiation.
Telomere protein complex composition changes in procyclic parasites
Given that TelAP1 is stage-specifically regulated, we asked whether the composition of the telomere complexes might be developmentally regulated as well. To address this question, we investigated the interactions of TelAP1 and Tb-TRF in PCF parasites by Co-IP coupled to MS (Figure 6 ). While TelAP1 is most likely an indirect interaction partner of TbTRF in the BSF stage, no interaction of TelAP1 and TbTRF was observed by MS in either the TbTRF or the TelAP1 Co-IPs in PCF cells. Previously identified TelAP1 interactions in the BSF stage are shifted toward the origin of the plot ( Figure 6B ). Only Tb927.6.4330 was co-purified efficiently with TelAP1 in PCF parasites. In addition, no coenrichment of TelAP1 and TbTRF was detected by western blot analysis of the TbTRF Co-IP ( Figure 6C ). In contrast to the MS data ( Figure 6A and B) and the western blot analysis of TbTRF Co-IP, analysis of TelAP1 Co-IP by western blot showed a weak interaction of TbTRF with TelAP1 ( Figure 6D ). The protein interactions of TbTRF and TelAP1 in different stages described above are summarized in a graph showing relative LFQ intensities of enriched proteins normalized to TbTRF and TelAP1 (Supplementary Figure S5 ).
To exclude that the reduced expression of TelAP1 in PCF stage influences the recovery of interacting proteins after TelAP1 Co-IP, we ectopically overexpressed TelAP1 in PCF to a protein expression level comparable with BSF parasites (Supplementary Figure S6A) and repeated the TelAP1 Co-IP. However, TelAP1 overexpression in PCF cells did not lead to an efficient recovery of the BSF telomere complex (Supplementary Figure S6B) . Only TbTIF2 of the BSF telomere complex could be significantly coenriched additionally to Tb927.6.4330 suggesting that assembly of theTelAP1-containing protein complex is regulated by other mechanisms than protein expression.
In summary, Co-IP data suggest that the protein-protein interactions of the telomere complex changes in the PCF stage and that two distinguishable complexes might form in BSF. According to our Co-IP results in PCF stage Tb927.6.4330 seems to be the strongest interaction partner of TelAP1 leading to the hypothesis that this interaction might form a TbTRF-independent complex in PCF parasites. However, TelAP1 is still associated with telomeres in PCF parasites as TelAP1 was found by the telomeric pulldown assay using PCF cells ( Figure 1A) . Furthermore, two different telomeric complexes could be isolated in BSF. One that consists of TbTRF, TelAP1, Tb927.6.4330, TbTIF2, Tb927.11.5550 and Tb927.9.3930 by TbTRF Co-IP. Another one that consist of TbTRF, TelAP1, Tb927.6.4330, TbTIF2 and additionally TbRAP1 and Tb927.10.2520 (PPL2, (58)) by TelAP1 Co-IP.
Deletion of TelAP1 promotes VSG silencing during differentiation
Although the function of TelAP1 seems to be uncoupled from known telomere complex components, we still expected a role in VSG regulation as this has been shown for all currently known telomeric proteins in trypanosomes. Hence, we analyzed ES silencing of WT and TelAP1 BSF cells during differentiation to PCF cells. The analysis of VSG protein expression provides indirect information about the status of ES transcriptional activity during the differentiation process. Although other mechanisms like mRNA (59) and protein stability (60) influence VSG protein levels during differentiation, the decrease of ES promoter activity also has a direct influence on VSG gene transcription (28) . To analyze ES transcriptional activity during early differentiation, WT and TelAP1 BSF cells were differentiated and whole cell lysates prepared after 5, 24 and 48 h ( Figure 7B ). VSG expression during differentiation was monitored by quantitative western blot using anti-VSG221 and anti-paraflagellar rod (PFR) antibodies. The VSG221 protein amount was normalized against PFR protein levels. The quantification of the relative VSG221 protein amount Figure 7A ).
It has been described previously that either ES activity or the untranslated regions (UTRs) of the VSG mRNA can influence VSG protein expression levels (28,59) during differentiation and in different life cycle stages (61, 62) . To distinguish whether the faster VSG silencing in TelAP1 cells is regulated transcriptionally or translationally, we set up a reporter assay. The active ES of WT and TelAP1 cells was doubly marked with a Renilla luciferase (Rluc) reporter gene downstream of the RNA polymerase I promoter and a Firefly luciferase (Fluc) reporter gene upstream of the VSG221 gene ( Figure 8A ). The Rluc reporter gene expression is regulated by tubulin UTRs and the Fluc reporter gene by an actin 3 UTR and an aldolase 5 UTR. These UTRs do not influence mRNA stability or translation during differentiation (63, 64) . To guarantee that the reporter gene constructs integrate in the active ES, antibiotic concentrations for selection were increased about 10-fold compared to standard culture conditions as shown previously (42). These extremely high antibiotic concentrations prohibit survival of cells with construct integration into the inactive ES because the transcriptional activity of these sites is very low compared to an active ES (65) . Using two different luciferase reporter genes enabled us to monitor simultaneously ES silencing kinetics during differentiation at the ES promoter and at the telomere. WT and TelAP1 reporter cells were differentiated and the luciferase activity measured at different time points post induction ( Figure  8B ). WT and TelAP1 reporter cells start with comparable absolute values (data not shown) indicating that TelAP1 deletion has no effect on the transcriptional activity of the active ES in BSF cells. In the first 24 h WT cells showed an increase of luciferase activity at both regions, downstream of the Pol I promoter and adjacent to the telomere. The increase was stronger at the ES promoter. Forty-eight hours post-induction the luciferase activity dropped at both regions. The decrease of Fluc activity was stronger compared to the Rluc activity, indicating that ES silencing happens earlier at the telomere. The decrease of both luciferase activities started earlier in TelAP1 reporter cells compared to WT cells. The most significant difference (P < 0.001) is observed at 24 h upon differentiation induction (1.5-fold difference). These data strongly suggest that ES silencing kinetics are faster in TelAP1 reporter cells compared to WT reporter cells and thus confirm the influence of TelAP1 on ES transcriptional activity early during differentiation.
To confirm that the observed effect on the ES transcriptional activity during differentiation was TelAP1-specific, the protein was reintroduced into TelAP1 reporter cells ( TelAP1R) ( Figure 8C ). The ectopic expression resulted in a 2-fold higher level compared to WT cells after full induction of the system (Supplementary Figure S7A) . Twenty-four hours after induction TelAP1R reporter cells were differentiated to PCF cells and the luciferase activity was compared with uninduced cells. The luciferase assays revealed higher values in induced TelAP1R reporter cells at the ES promoter and at the telomere compared to uninduced TelAP1R cells. When luciferase activities of the rescue cell line were compared to WT, induced TelAP1R reporter cells showed identical kinetics of ES silencing during differentiation indicating that only deletion of TelAP1 was responsible for the transcriptional effect observed in the TelAP1 mutants during differentiation. Our data strongly indicate that TelAP1 is a stage-specific telomere-associated protein and a regulator of ES silencing during early differentiation events in T. brucei. This is the first evidence that a telomere-associated protein influences transcriptional activity of the ES during developmental differentiation of African trypanosomes. Furthermore, TelAP1 function illustrates that developmental ES silencing is a fine-tuned process, which involves stage-specific changes in telomere complex composition.
DISCUSSION
Telomeres are essential structural components that mediate transcriptional control of VSG genes in T. brucei. Compared to mammals and yeast, where telomeres are well studied, less is known about the composition of telomeres in trypanosomes. Previous studies described three homologs of the mammalian shelterin complex components in trypanosomes (TbTRF, TbTIF2 and TbRAP1) and demonstrated a link between telomere biology and antigenic variation (6) (7) (8) (20) (21) (22) . However, how these proteins influence the transcriptional control of VSG genes exactly remains unknown. In addition, less is known about telomeres and their role in developmental differentiation. To understand the contribution of telomere-binding proteins to antigenic variation and developmental silencing it is therefore essential to identify all telomere complex components.
We performed a DNA pull-down assay with telomeric DNA as bait and found 17 interaction partners including the already known direct and indirect telomeric proteins TbTRF (6) and TbTIF2 (8), respectively. The recently identified telomere-associated factor Tb927.6.4330 was also found by our approach (53) . The identification of previously known telomere-binding proteins validates that our screening method is suitable to identify new telomere-binding proteins and their interaction partner. However, TbRAP1 was not found by our method. Like TbTIF2, TbRAP1 does not bind telomeric DNA directly (7). It associates with telomeres through its interaction with TbTRF. Co-IP experiments carried out by Yang et al. demonstrated a weak interaction between TbRAP1 and TbTRF (7). Only 3-14% of endogenously FLAG-HA-HAtagged TbRAP1 were co-precipitated with TbTRF. Yang et al. also performed chromatin immunoprecipitation experiments to validate TbRAP1 as a telomeric protein. Using a TbRAP1-specific antibody and formaldehyde crosslinked material they revealed an association of TbRAP1 with telomeric DNA. Samples in which the proteins were not cross-linked to DNA showed no significant enrichment of telomeric DNA with TbRAP1, indicating a weak interaction of TbRAP1 with TbTRF. This might be the reason why TbRAP1 was not detected in our approach. Nevertheless, the TbTRF Co-IP partially verified the telomeric pull-down assay results because all five TbTRF-interacting proteins were also enriched, indicating that these five candidates are bona fide telomere-associated proteins.
PrimPol-like protein 2 (PPL2) (58) Strikingly, the work on TelAP1 revealed that the telomere complex composition is stage-specifically regulated. The TelAP1 data are to our knowledge the first evidence for dynamic changes of telomere complexes during differentiation from BSF to PCF cells. The analyses of the interaction partners of TelAP1 and TbTRF in BSF and PCF cells lead us not only to the conclusion that different telomere complexes might be present at telomeres but also that the composition of the telomere complexes may differ between the life cycle stages of the parasite. In the PCF, TelAP1 interacts only with Tb927.6.4330 and is missing in the Tb-TRF complex. The interaction of TbTRF with TbTIF2, Tb927.94000/3930, Tb927.6.4330, Tb927.115550 does not change in PCF. It could be that TelAP1 dissociates from the telomere complex containing TbTRF and is degraded during differentiation to PCF as our data indicate that TelAP1 might be a part of TbTRF complex and additionally assembles an own complex in the BSF with PPL2. Expression levels of TbTRF and TbRAP1 only change mildly during differentiation compared to TelAP1. According to a recently published differentiation proteome (55), TbRAP1 is 1.26-fold upregulated in PCF cells and TbTRF shows a 1.23-fold upregulation in the BSF stage. No information is available for TbTIF2 in this report. To our knowledge TelAP1 is the first telomere-associated protein, which is highly stagespecifically regulated in trypanosomes.
What might be the reason for different telomere complexes in the BSF and PCF cells? It has been described already that chromatin structure and nuclear architecture are different between BSF and PCF cells, indicating that chromatin restructuring takes place during developmental transition (66) . Several reports support the concept of developmentally regulated telomere structure in trypanosomes (67) . First, telomeric DNA modifications differ between BSF and PCF parasites. A modified nucleotide ␤-D-glucosyl-hydroxymethyluracil (base J) replaces a part of the thymidines in the telomeric DNA of BSF cells but not of PCF cells (68, 69) . Although Jehi et al. have reported that TbTRF binding to telomeric DNA is not affected by base J (21), it is still unknown if base J influences the binding affinity of other telomere-binding proteins. Second, telomeric silencing of reporter constructs differs between the BSF and PCF stage. In BSF cells transcription from three different promoters inserted in an inactive ES near telomeres was silenced (70) . In PCF only the ES promoter kept its repressed status indicating a developmentally regulated silencing effect of telomeres. Finally, the chromatin accessibility of inactive ESs in the BSF alters upon the differentiation to PCF stage (27) . There, the ES chromatin becomes inaccessible suggesting that chromatin remodeling is developmentally regulated as well. We hypothesize that this is facilitated by distinguishable composition or regulation of telomeric complexes in BSF and PCF stages.
In this study, we focused on the characterization of TelAP1 as this protein was found in the telomeric pulldown assay as well as in the BSF TbTRF Co-IP. Interestingly, functional analyses revealed that TelAP1 is not essential for cell viability in BSF and PCF cells. This might be another hint that the function of TelAP1 is uncoupled from the function of the known telomere-binding proteins TbTRF, TbTIF2 and TbRAP1, which are all essential for cell viability (6, 7) . The presence of a TbTRF-independent TelAP1 complex supports this hypothesis. Furthermore, we used quantitative proteomics to analyze changes of VSG expression pattern in TelAP1 cells. We did not detect derepression of silent VSG genes or enhanced switching rates (data not shown). This is in contrast to the phenotype in Tb927.6.4330-depleted cells in which derepression of a silent ES VSG could be observed (53) . This hints to a function of TelAP1, which is distinguishable from Tb927.6.4330-mediated processes. However, since TelAP1 is not able to bind telomeric repeats directly, it might need Tb927.6.4330 to be recruited to telomeres where it transiently antagonizes differentiation-dependent silencing of the ES.
Here, we provide the first direct evidence for a telomerebinding protein playing a role in the regulation of developmental silencing of the VSG ES. Our characterization of TelAP1 revealed two novel aspects of telomere biology of trypanosomes. First, the telomere complex composition is dynamic and changes during developmental transition of BSF to PCF cells. Second, telomere-associated proteins regulate the kinetics of developmental ES silencing. Our current hypothesis is that TelAP1 transiently maintains an open chromatin status or an active ES promoter early during differentiation to coordinate transcriptional silencing of the ES with other cellular processes or environmental cues.
